In brown algae, alginate is one of the most abundant polysaccharides composing more than 40% of the dry cell weight [1] . Alginate is (1?4)-linked linear glycuronan comprised of b-D-mannuronate (M) and its C5 epimer a-L-guluronate (G), which is organized in three types of repeating structures as follows: homopolymeric G blocks (PolyG), homopolymeric M blocks (PolyM), and heteropolymeric blocks with a random arrangement of both monomers (PolyMG) (Fig. 1A,B ) [2, 3] . Numerous alginate lyases have been reported to be able to depolymerize alginate via b-elimination reaction [4] . The resulting oligosaccharides of specific lengths and structures exhibit many fascinating bioactivities, such as inhibiting tumor, inducing the proliferation of keratinocytes, and serving as antimicrobial agent [5] [6] [7] .
Although more than 70 alginate lyases have been characterized, only a few of them can function at high temperatures. As far as we know, 70°C was the highest optimal temperature reported for alginate lyase rNitAly from Nitratiruptor sp. SB115-2 isolated from deep-sea hydrothermal vents [8] at present. This situation limits the application of alginate lyases. Moreover, it is well known that turnover number (k cat ) and Michaelis-Menten constants (K m ) are temperature sensitive, which will increase along with the increasing temperature [9] . Therefore, enzymes might encounter situation of subsaturating substrate concentration at elevated temperatures. In another word, decreased K m is needed for a better performance at elevated temperatures.
Many alginate lyases can be activated by Ca 2+ [10] , for instance, Ca 2+ took part in the reaction of AlyA1 PL7 and AlyA5 from Zobellia galactanivorans [11] . According to the structures of alginate lyase AlyGC [12] and chondroitinase B (ChonB) [13] , polysaccharide lyase (PL) family 6 lyases are likely to perform Ca 2+ -dependent reaction. Ca 2+ was coordinated with side chains of four acidic amino acids, which was involved in substrate binding and catalysis (Fig. 1C) . Based on the fact that b-COOH of aspartate has a lower dissociation constant (pK a = 3.9) than c-COOH of glutamate (pK a = 4.3) [14] , which potentially means that the side chain of aspartate bind Ca 2+ tighter than side chain of glutamate [15] , we hypothesized that the substitution of aspartate for glutamate in calciumbinding site enhanced the performance of lyase by increasing calcium affinity. In this work, we aimed at characterizing a potential applicable thermophilic alginate lyase and proving our hypothesis.
Materials and methods

Substrate materials and growth conditions
Sodium alginate (fractional amount of G (F G ) = 0.46) and porcine intestinal mucosa dermatan sulfate (DS) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Fractions of PolyM, PolyG, and PolyMG were prepared as previously described [16] . All metal ions were provided in the form of chloride. Unless otherwise noted, cloning and protein expression were performed in Escherichia coli strains DH5a and BL21(DE3) (TransGen, Beijing, China), respectively. E. coli was cultured in LB medium ( according to previous report (Ji et al. 2015) .
Plasmid construction
The presence of signal peptide was predicted by SignalP 4.1 server (http://www.cbs.dtu.dk/services/SignalP/) [17] . The 
Protein expression and purification
Engineered E. coli BL21(DE3) cells were grown at 37°C and 250 r.p.m. until the optical density at 600 nm reached 0.8~1.0. The expression of AlgAT0 and D238E was induced with 0.5 mM IPTG and further incubated at 22°C with shaking at 250 r.p.m. for 20 h. Cells were harvested by centrifugation at 6000 g for 15 min at 4°C, then the pellets were resuspended in buffer A (20 mM Tris-HCl, pH 8.0, and 300 mM NaCl). Resuspended cells were disrupted using ultrasonication on ice, and then the cell debris was removed by centrifugation at 10 000 9 g for 30 min at 4°C. The resulting crude extract was loaded onto a Ni-nitrilotriacetic acid-Sefinose column (Sangon) equilibrated with buffer A. Then the protein was eluted with buffer B (20 mM Tris-HCl, pH 8.0, 300 mM NaCl, and 300 mM imidazole). Finally, eluted fractions corresponding to pure proteins were pooled and the purified proteins were resolved on a 12% SDS-polyacrylamide gel to estimate the apparent molecular mass. ChonB and its mutant E243D were expressed and purified as previously reported [19] .
The concentration of protein was quantified by bicinchoninic acid assay [20] .
Enzyme activity assays
Activity of alginate lyase was assayed at 60°C for 1 min by measuring the absorbance at 235 nm arising from the formation of unsaturated uronates in 1 mL of reaction mixture containing 2 lg of protein and 1 mgÁmL À1 alginate. One unit of alginate lyase activity was defined as the amount of protein required to increase the absorbance by 0.1 per min at 235 nm [21] .
Characterization of alginate lyase
The effects of various chemicals and concentration of NaCl were determined in 100 mM Tris-HCl, pH 7.5. To determine the effect of pH on activity, the following buffer systems were used at 100 mM: sodium acetate (pH 4-6), sodium phosphate (pH 6-7.5), MOPS (pH 6-7.9), Tris-HCl (pH 7.5-9), and glycine-NaOH (pH 8.5-9.5).
The influence of temperature was determined with or without 2.5 mM Ca 2+ . Thermostability was tested by incubating the enzyme at indicated temperatures for 30 min, and then residual activity was determined. To find out the effect of heat treatment on thermostability, AlgAT0 was incubated with 2.5 mM Ca 2+ at 75°C, and residual activity was measured at indicated time points. Optimum temperature and residual activity mentioned above were measured in 300 mM NaCl, 50 mM MOPS, pH 6.5. The optimum temperature and thermostability of D238E were determined following the procedure of AlgAT0, except that enzymatic reactions were performed with 10 lg of D238E.
To determine the kinetic parameters K m and k cat , initial velocities versus various concentrations of alginate were measured in 50 mM MOPS, pH 6.5, 300 mM NaCl, with or without 2.5 mM Ca 2+ . Besides, kinetic parameters of AlgAT0 for PolyM, PolyG, and PolyMG were also measured. Molar extinction coefficient e = 6150 M À1 Ácm À1 of products was used for calculating initial velocities. Molecular weight (MW) of 176 gÁmol À1 for monomer of alginate was used for substrate concentration calculation [22] . Data were plotted by nonlinear regression fitting of the Michaelis-Menten equation using Prism 5 (GraphPad Software Inc., San Diego, CA, USA) [23] .
In order to facilitate nuclear magnetic resonance ( 1 H-NMR) analysis, 5 mgÁmL À1 alginate, PolyM, PolyG, and PolyMG in 10 mM monosodium phosphate, pH 6.5, 50 mM NaCl was mixed with AlgAT0 and incubated at 50°C for 15 h, respectively. Then samples were boiled for 5 min and centrifuged. Supernatant was lyophilized and dissolved in 500 lL of D 2 O. Samples were analyzed by using a 600-MHz Bruker AVANCE III 600 instrument (Bruker BioSpin International AG, Zug, Switzerland) at 25°C. The molar ratio of the monomer units (F G and F M ) was calculated according to previous report [24] . Fast protein liquid chromatography was used to separate the end products of degradation of alginate. Enzymatic reaction was performed on 10 mgÁmL À1 alginate in 10 mM ammonium acetate, pH 6.5, at 50°C for 30 h. The sample was then fractionated by ion-exchange chromatography on € AKTA system (GE Healthcare, Uppsala, Sweden) with a HiPrep Q FF 16/10 column. Oligouronates were eluted with a linear gradient concentration of NaCl from 0 to 300 mM at a flow rate of 1 mLÁmin À1 . Fractions were concentrated, precipitated by 90% ethanol, and then lyophilized [25] . The procedure of preparation of enzymehydrolyzed PolyMG was the same as described above except without FPLC purification. Lyophilized samples were further analyzed by electrospray-ionization mass spectroscopy (ESI-MS; Agilent 6430, Agilent Technologies, Santa Clara, CA, USA). Samples representing oligouronates were dissolved in 1 : 1 methanol-H 2 O and directly delivered to the electrospray source at a flow rate of 10 lLÁmin À1 . The MS detection was in negative mode, with the mass scan range from 100 to 1100 Da. Dry temperature was kept at 325°C, and the electrospray needle voltage was 3 kV. TLC was also employed to analyze the products. Samples were prepared in a mixture consisting of 5 gÁL À1 substrates in 100 mM
Tris-HCl, pH 7.1, 300 mM NaCl, 2 mgÁmL À1 AlgAT0, then this mixture was incubated at 55°C for 3.5 h. The solvent system was n-butanol/acetic acid/water (2 : 1 : 1, v/v), and the products were visualized by heating a TLC plate at 100°C for 10 min after spraying with 10% (v/v) sulfuric acid in ethanol.
Circular dichroism spectroscopy and differential scanning calorimetry
The secondary structures of AlgAT0 and D238E were determined by circular dichroism (CD) spectroscopy on a J-810 spectropolarimeter (Jasco, Tokyo, Japan) at 25°C. CD spectra were recorded from 250 to 200 nm at a scan speed of 200 nmÁmin À1 with a path length of 0.1 cm. Proteins were dissolved to a final concentration of 4 lM in 10 mM MOPS, pH 6.5, and 2.5 mM Ca 2+ . Melting temperature of these two enzymes were measured by differential scanning calorimetry (DSC), which was performed on a MicroCal VP-Capillary differential scanning calorimeter (Northampton, MA, USA) from 35°C to 100°C at a heating rate of 1°C min À1 [23] . Proteins were dissolved to a final concentration of 20 lM in 10 mM MOPS, pH 6.5. [19] .
Isothermal titration calorimetry (ITC)
Results and Discussion
AlgAT0 is a thermophilic enzyme
The open reading frame of gene AlgAT0 encodes a 485 amino acid protein (GenBank code: WP_ 058484903.1), which contains a PL-6 domain revealed by blasting in NCBI (https://www.ncbi.nlm.nih.gov/) [26] . AlgAT0 has the highest identity of 32% with two characterized PL-6 alginate lyases from Pseudomonas sp. OS-ALG-9 (GenBank code: Q06365.1) and Shewanella sp. Kz7 (GenBank code: AHC69713.1). Region M1-K21 was predicted to serve as signal peptide by SignalP 4.1 server. The gene without signal peptide region was cloned and expressed in E. coli with a C-terminal His-tag. The recombinant AlgAT0 was purified and analyzed by SDS/PAGE (Fig. S1) , and it was calculated with a molecular weight of 53.6 kDa. The optimal concentration of NaCl and pH was 300 mM and 6.5, respectively. Activity was strongly inhibited by Cu 2+ , Fe 2+ , and Zn
2+
, and no activity was detected after adding EDTA or EGTA (Fig. 2A) . In contrast, the activity was doubled by adding Ca 2+ , indicating Ca 2+ was essential for the activity of AlgAT0 (Fig. S2) . The optimum temperature of AlgAT0 was 75°C in the presence of Ca 2+ (Fig. 2B) , which was higher than other characterized PL-6 lyases.
To the best of our knowledge, the most thermostable alginate lyase reported was a PolyM-specific lyase rNitAly, which retained 50% activity after incubation at 67°C for 30 min [8] . In the present study, AlgAT0 was able to retain about 95% of its activity after incubation at 70°C for 30 min (Fig. 2C) , and the half-life was 4.5 h at 75°C.
Substrate specificity of AlgAT0
Substrate specificity of AlgAT0 was determined by using different substrates (Table 1, Fig. S3 ). AlgAT0 exhibited the highest affinity and catalytic efficiency toward PolyMG, but showed no activity toward PolyG. The catalytic efficiency for PolyMG was~6 and~55 times of that for alginate and PolyM, respectively, suggesting that AlgAT0 preferentially cleaved PolyMG.
Substrate specificity was further investigated by using 1 H-NMR according to previous reports [27] [28] [29] . With alginate as substrate, the characteristic M-reducing end (M red ) and unsaturated nonreducing end (D) signals were produced (Fig. 3A) , demonstrating that AlgAT0 requires M residue adjacent to the cleavage site on the nonreducing end, that is, AlgAT0 was expected to act on M-M or M-G diad. M/G ratios for alginate and depolymerized alginate were calculated and compared. An increase in the ratio was observed, suggesting that G units were mainly converted to D. This implied that AlgAT0 preferred M-G diad. Furthermore, no cleavage was observed for the GG diad (Fig. 3B) . Although very low peaks from D were observed, the peak for PolyM (M-1-M) remained and peak for MG-5 decreased slightly (Fig. 3C) , indicating the minor product might result from the cleavage of MG fraction of PolyM block. Finally, a clear cleavage of PolyMG was observed (Fig. 3D ). In conclusion, AlgAT0 was a PolyMG-specific alginate lyase that specifically cleaved the glycosidic linkage between M and G (Fig. 1B) .
Analysis of end products of AlgAT0
The degradation products of alginate by AlgAT0 were purified by anion-exchange chromatography, and a total of seven fractions were isolated (F1-F7; Fig. 4A ).
The ESI-MS spectrogram of F1 showed m/z 351.2, corresponding to dimers. The base peak, m/z 527.1, provided evidence that F2 contained trimers predominately. And m/z 703.1 peak indicated that F3 contained tetramers (Fig. 4B ) [22] . TLC results showed that mixed longer products were included in fractions F4-F7 (data not shown). Molar fractions of different products were estimated based on fraction areas by anion-exchange FPLC, which consisted of > 65.7% of dimers, 7% of trimers, and < 7% of tetramers. The degradation product mixture of PolyMG was analyzed by ESI-MS. Fig. 4B showed that the base peak was m/z 351.2, indicating that the end product was dimer, and no tri-or tetrasaccharide was detected. TLC analysis showed that PolyMG could be depolymerized completely, but not alginate. No obvious products of AlgAT0-degraded PolyM and PolyG could be detected (Fig. 4C) , which confirmed that AlgAT0 was PolyMGspecific alginate lyase. The presence of intermediate oligosaccharides suggested that AlgAT0 was an endolytic lyase. Results of 1 H-NMR showed that the neighbor residue of D can be identified from the chemical shift of the H-4 (D) signal, and as shown in Fig. 3A ,D the intensity of D-4-M signal was much higher than that of D-4-G, indicating that an M residue was predominantly neighboring the nonreducing D residue. Therefore, the main end product of AlgAT0 was D-M. The main end products of most alginate lyases were mixtures. For example, AlyMG was also defined as PolyMG-specific alginate lyase, and the main products of AlyMG-degrading PolyMG included dimer, trimer, and tetramer [28] . Combined with excellent thermostability, high specific activity, and substrate specificity, AlgAT0 can be a useful tool for the production of disaccharides, pure PolyM and PolyG blocks.
Calcium-binding sites of AlgAT0
By protein sequence alignment with characterized PL-6 lyases, four calcium-binding sites were unraveled for alginate lyases (Fig. 5) . Here, we named these four sites as B1-B4. Surprisingly, the substitution of aspartate for glutamate at site B3 was observed in AlgAT0. We also noticed that b-COOH of aspartate shows a lower dissociation constant than c-COOH of glutamate [14] , thus we predicted that the side chain of aspartate might bind Ca 2+ tighter than that of glutamate [15] . Does a substitution of aspartate for glutamate in calcium-binding sites enhance substrate affinity? Thereby, site-directed mutant D238E was constructed and the enzymatic characteristics were determined.
The thermostability of AlgAT0 and D238E showed little difference. In the presence of Ca 2+ , AlgAT0 retained 95% of original activity after incubation at 60°C for 30 min, while D238E retained 89% (Fig. 2C) . Then melting temperatures (T m ) of these two enzymes were measured by DSC. It was shown that T m of AlgAT0 and D238E were about 79°C, and both increased to 87°C in the presence of Ca 2+ (Fig. 2D) . The mutation of D238 had a very slight effect on thermostability, but certainly affected the optimum temperature. Optimum temperature of D238E was 60°C in the presence of Ca 2+ , which was 15°C lower than that of AlgAT0. However, specific activity of mutant D238E also decreased, maybe because the calcium-binding site was close to the catalytic cleft (Fig. 1C) .
Kinetic parameters and isothermal titration calorimetry of AlgAT0 and D238E
Kinetic parameters were determined using alginate as substrate (Table 1) . For AlgAT0 and D238E, supplementing Ca 2+ did not have much influence on k cat , but K m was decreased. Wild-type AlgAT0 exhibited a lower K m than D238E (Table 1) , which contributed to the tight binding of substrate at elevated temperatures, a prerequisite for thermophilic microorganisms thriving in hostile habitats.
Then, the dissociation constant (K D ) value was measured using ITC. AlgAT0 and mutant D238E bound Ca 2+ via endothermic reaction (ΔH > 0), which was driven by a large entropic change (ΔS). Both of them had a stoichiometry (N) of 0.6. K D of wild-type was determined to be 1.67 lM, and that of mutant D238E was 3.08 lM (Fig. 6 ), indicating that calcium affinity of wild-type was higher than that of mutant as expected, which facilitated Ca 2+ -dependent substrate binding. However, the slight difference between aspartate and glutamate structures may result in diverse spatial arrangements in the vicinities of corresponding carboxylate moieties, their diverse solation states, etc. Therefore, in addition to the change in substrate binding affinity of D238E, k cat of the mutant decreased. The overall secondary structures of AlgAT0 and D238E had no gross changes determined by CD spectroscopy (Fig. S4) . Excellent stability was necessary for thermophilic adaption, which had been discussed a lot in other studies [30] , and our results suggested that an appropriate improvement of substrate affinity might contribute to thermophilic adaptation as well.
Optimal temperature and kinetic parameters of ChonB and E243D
To make sure the influence of this substitution, K m of wild-type ChonB and its mutant E243D were examined as counter example. ChonB has been reported to be a Ca 2+ -activated PL-6 lyase [13] , which had a different calcium-binding site B3 with AlgAT0 (Fig. 5 ). ChonB and its mutant E243D were cloned and expressed in E. coli (Fig. S1 ). The optimum temperature of ChonB was determined to be 50°C, and that of E243D increased to 55-60°C. When Ca 2+ was added, optimum temperature of them were both 60°C. K m of E243D was half of that of the wild-type ChonB as expected, although k cat of E243D decreased (Table 1) , which supported our conclusion that this substitution of aspartate for glutamate at site B3 favored substrate binding.
A phylogenetic tree was constructed using protein sequences of 70 lyases predicted to be PL-6 alginate lyases from Carbohydrate-Active enZYmes database (http://www.cazy.org/) [31] (Fig. S5) . Four calciumbinding sites were found for all these lyases, suggesting Ca 2+ was necessary for the activity of PL-6 lyases. Interestingly, AlgAT0 and four uncharacterized PL-6 lyases originating from soil organisms formed a separate branch from the others. Substitution of aspartate for glutamate at site B3 was conserved (Fig. S5 ). Higher levels of Ca 2+ , up to 20 mM, than the normal level in the soil environment was needed for these organisms to thrive [32, 33] , implying that these uncharacterized lyases might enhance their ligand capture ability to adapt to such environment.
In this study, we characterized a novel alginate lyase AlgAT0, which showed excellent thermostability and specific activity. This lyase specifically cleaved the M-G glycosidic bond with disaccharides as the only main end product. All of these properties demonstrated that this lyase can be used for alginate saccharification at high temperatures. Our enzyme represents the first PolyMGspecific thermophilic alginate lyase. And we discovered that one calcium-binding amino acid D238 of this enzyme favored enzymatic reaction by improving substrate affinity through tight binding to Ca 2+ , which sheds new light on the directed evolution of PL-6 lyases.
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